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Introduction
Titanium (Ti) alloys have attracted ever-increasing attention due to their suitability for military, aircraft, spacecraft and medical device applications. The Ti-6Al-4V alloy is one of the most utilized Ti alloys, accounting for more than 50% of total titanium usage. Ti-6Al-4V is the biomaterial of choice for many load bearing surgical implants, for it combines good biocompatibility with excellent mechanical strength and corrosion resistance [1] .
In recent years, studies have shown that grain size refinement of the Ti-6Al-4V alloy results in greatly improving in mechanical properties. Li et al. [2] developed a nanograined (NG) layer with grain size 10-19 nm on the surface of a Ti-6Al-4V alloy sample using fast multiple rotation rolling. The high density of grain boundaries in the NG layer is beneficial to the formation of a passive film that results in improved corrosion resistance. Sonntag et al. [3] studied the fatigue performance of Ti-6Al-4V subjected to mechanical surface treatment. Compared to non-treated samples, all treatments introduced substantial compressive residual stresses and exhibited considerable potential for increasing the fatigue performance from 10% to 17.2% after laser shock peening. Cryogenic cooling allowed a reduction in the adhesive wear mechanism of Ti-6Al-4V used on the tool cutting surfaces [4] . Bertolini et al [5] found that cryogenic machining improves the corrosion and fretting corrosion resistance of Ti-6Al-4V alloy fabricated by additive manufacturing. Huang et al. [6] used thermo-hydrogen processing to improve the mechanical strength of Ti-6Al-4V from 930 MPa to 1160 MPa. These studies suggest that processing techniques significantly affect the mechanical properties of Ti-6Al-4V alloys.
Asymmetric rolling is a special rolling technique in which shear deformation occurs in the rolling deformation zone [7] . Compared to traditional cold rolling, asymmetric rolling can reduce the rolling pressure and produce thinner metal sheets [8, 9] . Tong et al. [8] found that the minimum thickness of sheets manufactured by asymmetric rolling is about 30% of those manufactured using cold rolling. Uniwersal et al. [9] found that increasing the asymmetric rolling speed ratio leads to higher Σ13 shear stress and changes the texture orientation. Asymmetric cryorolling, in which liquid nitrogen is used to cool the metals, has been shown to improve the mechanical properties of aluminium sheets [10] . Yu et al. [11] found that aluminium alloy 6061 sheets processed by accumulative roll bonding followed by asymmetric cryorolling and ageing have superior mechanical properties compared to those processed by accumulative roll bonding only. However, it is noted that both asymmetric rolling and asymmetric cryorolling are mostly used in processing face center cubic (FCC) metals such as Al and Cu. There have been scarcely any on the application of these techniques to fabricate hexagonal close-packed (HCP) metals like Ti and Ti alloys.
Ti-6Al-4V is an (α+b) dual-phase alloy whose microstructure is sensitive to the processing conditions [12] . In the present study, Ti-6Al-4V sheets were fabricated using three techniques: cold rolling, asymmetric rolling and asymmetric cryorolling.
The mechanical properties and microstructure of the sheets were analyzed.
Mechanical properties of Ti-6Al-4V alloys are correlated against their different grain sizes, dislocation densities and status of the precipitation phases.
Experimental Investigation
Ti-6Al-4V alloy sheets were studied in this investigation. The length, width and thickness of sheets were 250 mm, 60 mm and 1.5 mm respectively. The sheets were processed by cold rolling, asymmetric rolling and asymmetric cryorolling on a four-high multifunction rolling mill. After rolling, the thicknesses of Ti-6Al-4V sheets were reduced to 0.8 mm. The material of the work rolls was Cr12 steel. The diameter of work rolls was 50 mm. The work rolls were freshly polished before rolling, and the rolling experiments were carried out at dry friction. For cold rolling, the experiments were carried out at room temperature and the rolling speed of the upper roll was the same as the lower roll. For asymmetric rolling, the experiments were carried out at room temperature, and the rolling speed ratio between upper and lower rolls was set as 1.2. In asymmetric cryorolling, the sheets were cooled by liquid nitrogen for more than 8 min before rolling, and the rolling speed ratio between the upper and lower rolls was set as 1.2.
After rolling, the Ti-6Al-4V sheets were machined with parallel width 6 mm and parallel length 36 mm to test the mechanical properties. The mechanical properties were tested on an INSTRON machine with an initial strain rate of 1.0×10 -3 s -1
. Each test was repeated three times for repeatability. In addition, the micro-hardness of the samples was measured with a Vickers hardness tester using a load of 5 g and a dwell time of 12 s; each sample was tested five times.
The fracture surfaces of tensile test samples were analyzed by scanning electron microscopy (SEM). The focus iron beam (FIB) technique was used to prepare transmission electron microscopy (TEM) samples to study the cross sections in the rolling direction and across the thickness. The microstructures of the rolled samples were analyzed by TEM with the energy dispersive spectroscopy (EDS) system. The distribution of elements of the rolled samples was mapped by EDS. A GBC MMA X-ray diffractometer (XRD) with Cu Kα radiation (λ = 1.5418 Å) was used to measure the phase diffraction profiles of the sheets after rolling.
Results
Fig . 1 shows the mechanical properties of the processed Ti-6Al-4V sheets. Table 1 compares their mechanical properties with those of the standard Ti-6Al-4V ally sheets. Fig. 1b shows that the elongations of the tensile test samples fabricated using cold rolling, asymmetric rolling and asymmetric cryorolling are all larger than 10%, similar to that of the standard Ti-6Al-4V alloy [6] . In addition, the elongation rate of cold-rolled sheets is slightly higher than that of other two kinds of sheets. In Fig. 1c , it is seen that the tensile stress of samples after cold rolling is 1008 MPa, 1046 MPa for asymmetric rolling, and 1113 MPa for asymmetric cryorolling. Compared with the tensile stress of the standard Ti-6Al-4V alloy, the tensile stress increases by 12.4% in sheets fabricated using asymmetric rolling, and by 19.7% in sheets fabricated using asymmetric cryorolling. Fig. 1d shows the microhardness of the samples after different processes. When using cold rolling, the hardness of the samples is HV352.
Asymmetric cryorolling increases the hardness of the samples to HV395. The hardness therefore shows a trend similar to the tensile stress among the three processing pathways. In addition, the dimple depths are seen to be similar for the asymmetrical rolled and asymmetric cryorolled sheets. From Fig. 1b , we know that the elongation of asymmetric rolled sheets is nearly the same of the asymmetric cryorolled sheets. For the FCC metal sheets such as Al and Cu sheets, the ductility of cryorolled sheets is better than that of room-temperature rolled sheets [13, 14] . For the HCP Ti-6Al-4V alloys, however, it appears that the influence of rolling temperature on the ductility of the sheets is negligible. assembles with large size. In Fig. 5 this element appears in a laminate structure of finer size. In Fig. 6 , the V element-enriched particles (i.e. the β-Ti phase) are seen to be much smaller than those in above two cases. 
Discussion
In Fig. 1 , it is seen that the yield stress and microhardness of Ti-6Al-4V sheets fabricated by asymmetric cryorolling are higher than those of the sheets fabricated by asymmetric rolling and cold rolling. For metal alloys, there are methods which can improve the mechanical properties based on the mechanisms of manipulating grain refinement, size of second phase, and dislocation density. In the following sections, we focus on the effect of these three mechanisms on the mechanical properties of the Ti-6Al-4V sheets.
(1) Grain refinement. According to the Hall-Patch equation, the yield stress of metals increases with finer grain size [15] . For the Ti-6Al-4V alloys, the mechanical strength increases with a reduction in grain size [16] . Liu et al. [16] found that the microhardness of Ti-6Al-4V alloy processed by high pressure surface rolling with grain size 21.8±4.4 nm reaches 490 HV, while the microhardness for the coarse-grained zone is merely 340 HV. The equal channel angular press [17] [18] [19] and high pressure torsion [20] [21] [22] techniques are also widely used to bring about grain refinement to produce high-quality micro-parts. Semenova et al. [18] studied the high-cycle fatigue behavior of a Ti-6Al-4V alloy subjected to a combination of equal channel angular pressing and extrusion. They found that the fatigue endurance of the alloy is almost 40% higher as compared to the alloy with a bimodal microstructure.
Sergueeva et al. [21] found that the HPT-processed Ti-6Al-4V alloy shows superplastic capability (high elongation >500%). Asymmetric rolling [23] [24] [25] is also considered to be a severe plastic deformation technique used to produce ultrafine grained metals. The technique can produce metal foils that are ~66% thinner than those produced by traditional symmetric rolling [8] . During asymmetric rolling, the additional shear strain contributes to the grain refinement. This feature has been widely used to produce ultrafine-grained aluminium alloys. Chao et al. [25] found that asymmetric rolling results in a great grain refinement in a Ti-6Al-4V alloy compared against symmetric rolling. This finding is in good agreement with our research as shown in Fig. 3a and Fig. 3b . When the asymmetric rolling reduction ratio reaches 70%, ultrafine-grained microstructure can be obtained. Cryorolling [26] [27] [28] [29] has been used to produce ultrafine-grained light metals such as aluminium and copper sheets.
During cryorolling, the low temperature can effectively suspend the movement of dislocations and contribute to grain refinement. Zherebtsov et al. [28] found that rolling to a true thickness strain of 2.66 results in a grain size of ~80 nm by cryorolling at 77 k and ~200 nm by cold rolling at ~293 K. Asymmetric cryorolling [30, 31] is a technique that combines features of asymmetric rolling and cryorolling.
This technique can produce ultrafine-grained metals. Fig. 3 clearly shows that asymmetric cryorolling results in the finest grains in the Ti-6Al-4V sheets.
(2) Size of the second phase. Fig. 7a shows that the main phases in Ti-6Al-4V alloys subjected to the different processing techniques are α-Ti and b-Ti. The strength and ductility of dual-phase metals can reach high values [32, 33] . Recently, Li et al [32] reported a dual-phase alloy which overcomes the strength-ductility trade-off. To improve the mechanical properties of alloys, it is important to control the size of the secondary phase, which is the b-Ti phase for the present alloys. Figs. 4-6 show that the thickness of the V element-rich regions (i.e. the b-Ti phase) in the alloy manufactured using asymmetric cryorolling is much smaller than that in other two cases. This also contributes to the improvement in material strength. Zherebtsove et al. (3) Dislocation density. A higher dislocation density in metals is usually associated with higher strength [35] . During deformation, the total dislocation density (ρ t ) can be expressed in terms of a relatively low cell dislocation density (ρ c ) and a relatively higher cell wall dislocation density (ρ w ):
The following two equations describe the dislocation density evolution rates in the cell interiors ( c ρ  ) and cell walls ( w ρ  ) [36] , Shi et al. [37] reported that the increase in the dislocation density results in enhanced strength and the motion of pre-existing high-density dislocations at high stress through forming nanoscale subgrains in ductility enhanced cryorolled Zr. He et al. [38] reported that a high dislocation density in deformed and partitioned steel results in large ductility and high strength. Hu et al. [23] reported that the HPT-deformed
Ti-6Al-4V alloys contain a high density of dislocations which contribute to high mechanical properties. Compared with room-temperature rolling, rolling at cryogenic temperature would suppress the dislocation mobility and contribute to grain refinement. Tang et al. [39] found that the surface integrity and corrosion resistance of a cryogenic burnished Ti-6Al-4V alloy increase greatly due to its high density of grain boundary and dislocations. Eqs. (1)- (5) suggest that dislocation density during deformation increases with higher shear strain and lower temperature. Consistent with this prediction, the apparent dislocation cell density in Ti-6Al-4V alloy subjected to asymmetric cryorolling was observed to be higher than that resulting from asymmetric rolling, and it is lowest in the alloy subjected to cold rolling with the same rolling reduction. Thus, it can be concluded that the high dislocation density also contributes to the improvement in mechanical properties of the Ti-6Al-4V subjected to the asymmetric cryorolling.
Conclusions
(1) Ti-6Al-4V alloy sheets were manufactured using cold rolling, asymmetric rolling and asymmetric cryorolling. The alloy fabricated using asymmetric cryorolling shows the highest strength and microhardness compared with the other two processing techniques. 
